The homotrimeric sliding clamp proliferating cell nuclear antigen (PCNA) mediates Okazaki fragment maturation through tight coordination of the activities of DNA polymerase δ (Pol δ), flap endonuclease 1 (FEN1) and DNA ligase I (Lig1). Little is known regarding the mechanism of partner switching on PCNA and the involvement of PCNA's three binding sites in coordinating such processes. To shed new light on PCNA-mediated Okazaki fragment maturation, we developed a novel approach for the generation of PCNA heterotrimers containing one or two mutant monomers that are unable to bind and stimulate partners. These heterotrimers maintain the native oligomeric structure of PCNA and exhibit high stability under various conditions. Unexpectedly, we found that PCNA heterotrimers containing only one functional binding site enable Okazaki fragment maturation by efficiently coordinating the activities of Pol δ, FEN1, and Lig1. The efficiency of switching between partners on PCNA was not significantly impaired by limiting the number of available binding sites on the PCNA ring. Our results provide the first direct evidence, to our knowledge, that simultaneous binding of multiple partners to PCNA is unnecessary, and if it occurs, does not provide significant functional advantages for PCNA-mediated Okazaki fragment maturation in vitro. In contrast to the "toolbelt" model, which was demonstrated for bacterial and archaeal sliding clamps, our results suggest a mechanism of sequential switching of partners on the eukaryotic PCNA trimer during DNA replication and repair. P roliferating cell nuclear antigen (PCNA) is a central coordinator of genome duplication and maintenance pathways in eukaryotes (1, 2). A member of the conserved sliding clamp family, PCNA is a homotrimeric ring-shaped protein that encircles DNA and serves as a processivity factor for DNA polymerases and a binding platform for many DNA modifying enzymes. PCNA interacts with partners involved in numerous processes, including DNA replication, recombination and repair, chromatin remodeling, and cell-cycle regulation. PCNA recruits these partners to replication forks or other chromosomal locations, enhances their catalytic activities, and orchestrates their cooperation in multistep enzymatic processes. Because most partners interact with the same binding site on PCNA, competition for binding must be tightly regulated during complex PCNA-mediated processes. The switching of partners on the PCNA platform has been shown to be crucial for the proper progression of multiple DNA replication and repair pathways, such as lagging strand replication, translesion synthesis, and mismatch repair (1). In recent years, several regulatory mechanisms, mostly involving posttranslational modifications of PCNA by ubiquitin or small ubiquitin-like modifier, have been shown to affect partner switching on PCNA by favoring the recruitment of specific partners (3-5).
The homotrimeric sliding clamp proliferating cell nuclear antigen (PCNA) mediates Okazaki fragment maturation through tight coordination of the activities of DNA polymerase δ (Pol δ), flap endonuclease 1 (FEN1) and DNA ligase I (Lig1). Little is known regarding the mechanism of partner switching on PCNA and the involvement of PCNA's three binding sites in coordinating such processes. To shed new light on PCNA-mediated Okazaki fragment maturation, we developed a novel approach for the generation of PCNA heterotrimers containing one or two mutant monomers that are unable to bind and stimulate partners. These heterotrimers maintain the native oligomeric structure of PCNA and exhibit high stability under various conditions. Unexpectedly, we found that PCNA heterotrimers containing only one functional binding site enable Okazaki fragment maturation by efficiently coordinating the activities of Pol δ, FEN1, and Lig1. The efficiency of switching between partners on PCNA was not significantly impaired by limiting the number of available binding sites on the PCNA ring. Our results provide the first direct evidence, to our knowledge, that simultaneous binding of multiple partners to PCNA is unnecessary, and if it occurs, does not provide significant functional advantages for PCNA-mediated Okazaki fragment maturation in vitro. In contrast to the "toolbelt" model, which was demonstrated for bacterial and archaeal sliding clamps, our results suggest a mechanism of sequential switching of partners on the eukaryotic PCNA trimer during DNA replication and repair. P roliferating cell nuclear antigen (PCNA) is a central coordinator of genome duplication and maintenance pathways in eukaryotes (1, 2) . A member of the conserved sliding clamp family, PCNA is a homotrimeric ring-shaped protein that encircles DNA and serves as a processivity factor for DNA polymerases and a binding platform for many DNA modifying enzymes. PCNA interacts with partners involved in numerous processes, including DNA replication, recombination and repair, chromatin remodeling, and cell-cycle regulation. PCNA recruits these partners to replication forks or other chromosomal locations, enhances their catalytic activities, and orchestrates their cooperation in multistep enzymatic processes. Because most partners interact with the same binding site on PCNA, competition for binding must be tightly regulated during complex PCNA-mediated processes. The switching of partners on the PCNA platform has been shown to be crucial for the proper progression of multiple DNA replication and repair pathways, such as lagging strand replication, translesion synthesis, and mismatch repair (1) . In recent years, several regulatory mechanisms, mostly involving posttranslational modifications of PCNA by ubiquitin or small ubiquitin-like modifier, have been shown to affect partner switching on PCNA by favoring the recruitment of specific partners (3) (4) (5) .
Despite extensive research into the regulation of PCNA-mediated processes, very little is known regarding how PCNA coordinates the activity of several enzymes during sequential processes. Two simple models have been proposed to explain this coordination (1, 2, 6, 7) . The first model assumes highly dynamic partner switching on PCNA due to sequential binding and release events on the same or different PCNA monomers (Fig. 1, Upper) . This model predicts that a single functional binding site on the PCNA trimer should be sufficient for the coordination of the entire process. In contrast, the second model assumes simultaneous binding of two or three partners to different monomers on the PCNA trimer ( Fig. 1, Lower) . In this case, the partners are stably associated with PCNA, which acts as a "toolbelt" throughout the process. According to this model, only PCNA trimers with two or three functional binding sites would be able to coordinate the process.
One of the best studied examples of such a multipartner PCNAmediated process is the synthesis and maturation of Okazaki fragments during lagging strand DNA replication. This process involves the sequential activity of three PCNA binding partners-DNA polymerase δ (Pol δ), flap endonuclease 1 (FEN1), and DNA ligase I (Lig1), which mediate DNA synthesis, flap cleavage, and ligation, respectively (7) (8) (9) . This is a fast and efficient process that is estimated to take place ∼100,000 times during each yeast cell division with a low tolerance for errors (8) . The enzymes involved must cooperate through PCNA in a tightly regulated manner, acting sequentially on the same substrate while repeatedly exchanging access to it (Fig. 1) . In particular, removal of the initiator RNA requires several rapid iterative switches between Pol δ and FEN1 (7) . This PCNA-dependent cooperation is particularly important to ensure that flaps will not become too long for processing by this short-flap pathway (7, 10, 11) .
To directly examine the mechanism of partner switching on PCNA and the functional significance of its homotrimeric structure, we developed a novel approach for the generation of PCNA heterotrimers that contain both wild-type (WT) and mutant
Significance
Proliferating cell nuclear antigen (PCNA) is a homotrimeric DNA sliding clamp that coordinates multiple DNA replication and repair processes by orchestrating the activity of various essential proteins. PCNA can bind up to three partners simultaneously, but despite extensive research, the functional significance of PCNA's trimeric structure remains unclear. We developed a novel approach for the generation of PCNA heterotrimers that contain both wild-type and mutant monomers. Using these heterotrimers, we show that PCNA can efficiently coordinate the activities of the three enzymes involved in Okazaki fragment maturation without binding them simultaneously. In contrast to the previously suggested "toolbelt" model for PCNA function, our results demonstrate sequential binding and release of partners on the PCNA trimer during complex biological processes. monomers that are unable to bind different partners. We used these heterotrimers to determine whether simultaneous binding of more than one partner to a PCNA trimer is necessary to coordinate PCNA-mediated nick translation and Okazaki fragment maturation. Contrary to the toolbelt model, our findings indicate that simultaneous binding is not required, and sequential switching of partners on a single monomer of PCNA is sufficient to coordinate Okazaki fragment maturation. Our findings suggest that PCNA can efficiently orchestrate complex processes by regulating sequential binding and release events of several partners without binding them simultaneously.
Results
Generation of PCNA Heterotrimers. To generate and purify PCNA heterotrimers with native tertiary structure containing both WT and mutant monomers, we coexpressed both monomers in Escherichia coli fused to two affinity tags of considerably different sizes (Fig. 2) . We used N-terminal His tag (<1 kDa) and maltose binding protein (MBP) tag (∼40 kDa) for WT and mutant PCNA, respectively. Due to random trimerization of PCNA during coexpression, four trimer species spontaneously form in vivo (Fig. 2) . Tandem affinity purification steps using nickel-nitrilotriacetic acid (Ni-NTA) followed by amylose chromatography enabled the isolation of the two heterotrimeric species, containing at least one His tag and one MBP tag. These species were then separated by size exclusion chromatography, due to a difference of ∼40 kDa in their molecular weight (Fig.  S1A) . Finally, the large MBP tag was removed using site-specific tobacco etch virus (TEV) protease cleavage and the resulting MBPfree heterotrimers were isolated using a second gel filtration step. The contents of these highly purified heterotrimers were verified by SDS/PAGE (Fig. S1B ) and MALDI-TOF mass spectrometry (Fig.  S1C) . The presence of both WT and mutant monomers in the same trimers was further validated by covalent cross-linking of neighboring monomers (Fig. S1D) .
We specifically constructed heterotrimers of Saccharomyces cerevisiae PCNA, including mutant monomers that are deficient for partner binding while retaining the ability to assemble into stable trimers. Three different mutants were used: the interdomain connector loop (IDCL) mutant pcna-79 (I126A,L128A), which is particularly deficient in stimulation of Pol δ activity (12), the C-terminal mutant pcna-90 (P252A,K253A), which is particularly deficient in stimulation of FEN1 activity (12, 13) , and the double mutant, which we designate pcna-7990 (I126A,L128A, P252A,K253A), which we expect to be deficient in stimulation of both Pol δ and FEN1 activities. We denote, for example, a PCNA trimer containing two WT monomers and one monomer of pcna-7990 as WT 2 :7990 1 . Whereas pcna-79 and pcna-90 are known to be efficiently loaded onto DNA by the clamp loader replication factor C (RFC) (12), we validated that this is also the case for the combined mutant pcna-7990 and heterotrimers containing this mutant, by measuring the PCNA-dependent ATPase activity of RFC in the presence of a suitable DNA effector (Fig. S2) .
Heterotrimer Stability. The PCNA heterotrimers generated using our approach are self-assembled and maintain a native monomer-monomer interface. Consequently, these heterotrimers may dissociate into monomers and randomly reassemble into different trimer species after purification. To assess the kinetics of trimer reassembly, we purified WT 1 :7990 2 heterotrimers without removing the MBP tag, incubated them at different temperatures, and examined them by gel filtration chromatography. We found that significant reassembly of the trimers is only observed following prolonged incubations at elevated temperatures ( Fig.  S3 A and B) . Because the in vitro experiments detailed in this report are performed at a maximal temperature of 30°C for a maximal period of ∼15 min, the extent of reassembly is expected to be negligible under the assay conditions. We also verified that the loading of PCNA onto DNA by RFC does not promote reassembly of the heterotrimers (Fig. S3C) .
Activities of Pol δ and FEN1 Separately. We first examined how Pol δ activity is stimulated by PCNA heterotrimers. This was measured using an in vitro replication assay, in which PCNA is loaded onto primed single-stranded DNA by RFC and ATP, and the kinetics of processive DNA synthesis by Pol δ are analyzed by resolving replication products using gel electrophoresis (Fig. 3A) . We found that heterotrimers of WT 2 :7990 1 and WT 1 :7990 2 display decreased rates of Pol δ activity relative to the WT homotrimer (Fig. 3B , example gel in Fig. S4A ), suggesting that the ability of PCNA to stimulate Pol δ is partially dependent on the number of functional binding sites on the PCNA trimer. Nevertheless, heterotrimers containing even one WT monomer 2 . Scheme describing the PCNA heterotrimer purification strategy. WT and mutant PCNA are coexpressed in E. coli fused to 6× His-and MBP-fusion tags, respectively, leading to the spontaneous formation of four trimer species. Tandem Ni-NTA and amylose affinity chromatography steps isolate the two heterotrimeric species. These two species are then separated by gel filtration chromatography, owing to the size difference between the two fusion tags (Fig. S1A) . Following site-specific cleavage of the MBP tag by TEV protease, a second gel filtration step is used to obtain pure PCNA heterotrimers. Images are schematic models for illustration purposes, created using University of California San Francisco chimera, based on Protein Data Bank entries 1plq and 1anf for PCNA and MBP, respectively. significantly stimulate Pol δ activity compared with the pcna-7990 homotrimer, which displays no activity. This indicates that a single functional binding site on the PCNA trimer is sufficient to support processive DNA synthesis by Pol δ.
To further validate that Pol δ stimulation originates from the presence of heterotrimeric PCNA rather than minute quantities of WT homotrimer due to reassembly, we examined Pol δ activity with mixtures of WT and pcna-7990 homotrimers at different ratios (Fig. S3D ). Even at a ratio that resembles full reassembly of the WT 1 :7990 2 trimer, Pol δ activity was lower than observed with the actual heterotrimer, indicating that a small degree of reassembly into WT homotrimers cannot explain our results.
FEN1 activity is also stimulated by PCNA (13, 14) . We measured the kinetics of 5′-flap cleavage by FEN1 on an oligonucleotide-based model substrate (Fig. 3C ). Pcna-7990 homotrimers did not stimulate FEN1 activity over the background levels, whereas PCNA heterotrimers containing one or two pcna-7990 monomers significantly stimulated FEN1 but with slightly lower efficiency relative to the WT homotrimer (Fig. 3D ). These results indicate that FEN1 stimulation by a single functional PCNA binding site occurs, with additional binding sites improving kinetics, as observed with Pol δ. Essentially similar results were obtained in a K + -containing as in a Na + -containing buffer system (Fig. S5C) . We also examined a double-flap rather than a 5′-flap substrate, but in contrast to previous studies performed using archaeal proteins (15, 16), we could not detect any PCNA-dependent stimulation of FEN1 on this substrate (Fig. S5D ).
Nick Translation by Pol δ and FEN1. Having observed the activities of Pol δ and FEN1 separately, we next examined whether the cooperation between these two enzymes during Okazaki fragment maturation requires multiple binding sites on the PCNA trimer, as posited by the toolbelt model. Nick translation, the result of iterative, sequential strand displacement synthesis by Pol δ and flap cleavage by FEN1, requires rapid and efficient cooperation between the enzymes in the presence of PCNA (7, 10, 11) . We examined the kinetics of nick translation on an oligonucleotide-based model substrate in the presence of different PCNA trimers. In this assay, PCNA-dependent cooperation of Pol δ and FEN1 will result in rapid progression of replication through a downstream RNA-DNA blocking oligo (9, 10) . In the absence of FEN1, Pol δ will stall for a relatively long period and only slowly succeed in completely displacing the blocking oligo (Fig. 4A ). Hence, a comparison between Pol δ strand displacement activity in the presence and absence of FEN1 provides a measure of the degree of PCNA-dependent cooperation between the two enzymes.
We found that both heterotrimers allowed FEN1 to significantly stimulate the progression of Pol δ through the blocking oligo (Fig.  4B ). These results indicate that Pol δ and FEN1 efficiently cooperate during nick translation even if only one functional binding site is present on the PCNA trimer, suggesting that simultaneous binding of both enzymes to PCNA is not required. To further examine whether simultaneous binding may pose some advantage to this cooperation, we examined the kinetics of nick translation in the presence of heterotrimers containing the pcna-79 and pcna-90 mutants (Fig. S6 ). As controls, we measured Pol δ and FEN1 activities separately, in the presence of heterotrimers containing pcna-79 and pcna-90 mutants, respectively ( Fig. S5 A and B) . Because pcna-79 is only partially deficient in stimulation of FEN1 (Fig. S5B ) (13), we expect that defects in nick translation that may occur in the WT 1 :7990 2 trimer would be alleviated in the WT 1 :79 2 trimer, as FEN1 should be able to bind the pcna-79 monomers of this trimer. We found that both pcna-79 and pcna-7990 heterotrimers exhibit the same level of cooperation between Pol δ and FEN1 (Fig. S6 , compare samples 5 and 11), indicating that in case simultaneous binding of these enzymes to PCNA does take place, it does not provide a significant functional advantage under these conditions. Okazaki Fragment Maturation. Finally, we examined the ability of the heterotrimers to coordinate the entire Okazaki fragment maturation process in the presence of Pol δ, FEN1, and Lig1. An in vitro assay, which quantifies the product of the concerted activity of all three enzymes was used (Fig. 5A) (9) . In this assay, an RNA-DNA primer is annealed to circular single-stranded DNA. Following loading of PCNA by RFC and ATP, Pol δ replicates the plasmid. When reaching the 5′ end of the primer, Pol δ performs nick translation synthesis together with FEN1, removing the RNA portion of the primer. Finally, ligation of the nicked double-stranded plasmid by Lig1 yields a covalently closed plasmid only following RNA removal (17) .
In agreement with the nick translation experiments, we found that heterotrimers containing only one WT monomer still promoted rapid Okazaki fragment maturation by coordinating the activity of all three enzymes (Fig. 5B , example gel in Fig. S4B ). As in the previous assays, differences in kinetics can be observed between PCNA trimers with one, two, or three wild-type binding sites. However, these differences are likely due to the differences in the kinetics of the individual enzymes rather than defective cooperation between them. Such defective cooperation between maturation enzymes would be expected to cause an accumulation of fully replicated nicked plasmids, but no significant accumulation is visible (Fig. S4B) . To examine this process under conditions that more closely mimic those found in vivo, where the concentration of PCNA is significantly higher than the concentrations of Pol δ, FEN1, and Lig1 (18), we repeated the assay with a 5-or 10-fold excess of PCNA over the enzymes and observed no difference in the extent of cooperation between the enzymes (Fig. S7) .
Discussion
To directly examine whether binding of partners to PCNA during complex processes is sequential or simultaneous (Fig. 1) , we generated novel PCNA heterotrimers, which combine WT monomers with monomers that are structurally similar but deficient in partner binding. These heterotrimers allowed us to determine the minimal number of functional binding sites on the PCNA trimer required for the proper progression of PCNAmediated Okazaki fragment maturation. Our results showing that heterotrimers containing a single functional binding site can coordinate nick translation and complete Okazaki fragment maturation provide to our knowledge the first direct evidence that partner recruitment to PCNA is sequential. Although we cannot rule out the possibility that simultaneous binding to the PCNA trimer does exist, we show that it is not strictly necessary for Okazaki fragment maturation. Moreover, we demonstrate efficient cooperation between enzymes in both nick translation and Okazaki fragment maturation assays in the presence of PCNA heterotrimers. Whereas the overall kinetics of these processes are slower in the presence of PCNA with only one functional binding site, the results indicate that these differences can mostly be attributed to lower stimulation of each individual enzyme because of the reduction in active binding sites on PCNA, rather than defective cooperation. Therefore, we conclude that simultaneous binding to PCNA, if possible, is not functionally advantageous in vitro.
Our results point toward a model in which Pol δ and FEN1 can repeatedly dissociate and reassociate with PCNA, rapidly replacing each other on a single PCNA monomer (Fig. 1, Upper) . We speculate that during processive replication, Pol δ is tightly bound to PCNA, perhaps through several contact points with different PCNA monomers. During strand displacement synthesis, which is considerably slower, the binding of Pol δ to PCNA may be reduced. Indeed, reduced polymerase-clamp interactions upon encountering structural blocks have been documented in the analogous T4 replication system (19) . This partial dissociation of Pol δ would allow FEN1 to replace Pol δ by affinity competition. Such a sequential model can be facilitated by changes in the structure of the DNA substrates-i.e., the creation of a flap by Pol δ may increase FEN1's affinity to the PCNA-DNA complex. It may also be facilitated by a rotation of PCNA around a kink in the DNA induced by the partner enzymes, as previously suggested (15) . Examination of the in vivo activity of PCNA heterotrimers is difficult due to the random assembly of WT and mutant PCNA monomers into mixtures of homotrimeric and heterotrimic forms. However, our examination of Okazaki fragment maturation at protein concentrations, which more closely mimic the cellular concentration ratio (18) , highlights that PCNA may coordinate partners through a sequential mechanism in the cell (Fig. S7) . This may allow for higher flexibility in partner switching, considering PCNA's numerous cellular partners (1) .
Previous studies have provided inconclusive evidence for a PCNA toolbelt model. In vivo and in vitro data suggest that Pol δ may bind PCNA together with FEN1, whereas Lig1 binding is exclusive (9, 20, 21) . In contrast, another in vivo study in mammalian cells has demonstrated that PCNA is stably associated with DNA, whereas its partners are transiently associated (22) . In the archaeon Sulfolobus solfataricus, PCNA is a heterotrimer and each monomer specifically binds one of the three Okazaki fragment maturation enzymes (23) . It has recently been shown that Okazaki fragment maturation in this archaeon is stimulated by simultaneous binding of all three partners to a single PCNA trimer (24) . Simultaneous binding of two different partners has also been demonstrated for the bacterial sliding clamp (25) . These analogous systems, however, are thought to possess a considerably lower number of sliding clamp-interacting proteins compared with the eukaryotic system. It has been suggested that the toolbelt model provides a simple solution for the problem of recruiting the correct enzymes to the sliding clamp at the correct time, but only when the number of possible partners is limited (1, 24) . Eukaryotes, possessing dozens of PCNA partners, may have evolved more complex regulated mechanisms to drive the sequential recruitment of multiple partners, thus rendering the possibility of simultaneous binding unnecessary.
Interestingly, we found that strand displacement by Pol δ was significantly stimulated by FEN1 even when only one binding site on the PCNA trimer was available (Fig. 4B) . Previously, it was shown that the strand displacement activity of the S. solfataricus replicative polymerase is stimulated by the presence of FEN1, as in eukaryotes, but only when the two enzymes bind different PCNA monomers on the same trimer (24) . When an alternative polymerase was used, which binds the same archaeal PCNA monomer as FEN1, strand displacement activity was inhibited by the presence of FEN1 due to competition between the two enzymes for PCNA binding. Comparing this study to our findings suggests that eukaryotic PCNA-partner interactions, unlike the archaeal system, are governed by sequential cooperation rather than competition.
It remains unclear why Pol δ and FEN1, when examined separately, exhibit higher stimulation by PCNA trimers with more WT binding sites. There are two main possible explanations for these observations: first, the probability of enzyme recruitment to the DNA substrate may depend on the number of available binding sites on PCNA. Simple mass action collision theory would predict higher activity when tripling the number of functional binding sites on each trimer. A second explanation is that PCNA trimers with more WT binding sites may have an intrinsically superior ability to stimulate partner enzymes. To examine this possibility, we performed true processivity assays (26) , which measure the rate of PCNA-Pol δ dissociation after each binding event (Fig. S8) . We observed a significant difference in processivity between trimers with one, two, or three WT binding sites, indicating that multiple functional sites on PCNA increase the intrinsic affinity to Pol δ. These results are in good agreement with studies analyzing PCNA-Pol δ interactions. It was recently shown that Pol δ, which is a heterotrimer, possesses multiple PCNA binding motifs that contribute to processive PCNA-dependent DNA replication (27, 28). This suggests that Pol δ may engage different PCNA monomers simultaneously or consecutively during replication. Using our PCNA heterotrimers, we may have limited the number of PCNA-Pol δ contacts leading to a decrease in Pol δ processivity.
We present here a fast, reproducible approach that allows the simple purification of heterotrimers with a native tertiary and quaternary structure. Our method takes place under native conditions and can be extended to incorporate any mutant into heterotrimers, as long as it does not impede natural trimerization. For example, heterotrimers bearing the K164R mutation (3), combined with in vitro ubiquitylation methods (5, 29) , may address several fundamental questions regarding the polymerase switching mechanism during translesion DNA synthesis (30) . We believe that this can be an effective approach for the mechanistic study of structure-function relationships in PCNA and can be applied for the study of many other homooligomeric proteins that participate in a variety of complex biological processes.
Materials and Methods
Purification of PCNA Heterotrimers. S. cerevisiae PCNA was cloned with an N-terminal His tag into the first multiple cloning site (MCS) of pETDuet-1 (Novagen). Mutant pcna-79, pcna-90, or pcna-7990 was cloned with an N-terminal MBP tag followed by a TEV protease cleavage site into the second MCS of the same vector. This vector allows the simultaneous overexpression of both proteins at similar levels. Overexpression was performed in E. coli BL21(DE3) cells. Following cell lysis using a French press (Thermo Scientific), the lysate was purified over a Ni-NTA His-bind column (Novagen), and the eluate was pooled and purified over an amylose column (New England Biolabs). The amylose eluate was concentrated and injected into a Superdex 200 16/60 prep grade gel filtration column (GE Healthcare) using the AKTA purifier FPLC system (GE Healthcare). Next, selected 0.5-mL fractions were collected and examined for purity by performing analytical gel filtration on a Superdex 200 10/300 GL column (GE Healthcare). For each heterotrimer species, fractions that contained the desired heterotrimer without significant contamination were selected and pooled. TEV protease was added at 1:100 (enzyme:substrate) molar ratio and incubated overnight at 4°C. Following cleavage, the samples were again purified by gel filtration on a Superdex 200 10/300 GL column.
Heterotrimer stability assays, RFC ATPase assays, cross-linking assays, and purification of other proteins are described in SI Materials and Methods. Pol δ Replication Assays and Okazaki Fragment Maturation Assays. Assays were performed essentially as described previously (9) . For consistency, Pol δ assays and Okazaki fragment maturation assays were performed under identical conditions. The template DNA, single-stranded Bluescript SKII(+) plasmid, was obtained as previously described and hybridized with primer SKrc14 (9) . Standard 40-μL assays contained 20 mM Tris·HCl pH = 7.8, 1 mM DTT, 100 μg/mL BSA, 7.5 mM MgAc 2 , 0.4 mM ATP, 100 μM each of dCTP, dGTP, and dTTP, 10 μM dATP, 4 nM [α-
32 P]dATP (3,000 Ci/mmol), 100 mM NaCl, 50 fmol of template plasmid, 10 pmol of replication protein A (RPA), 100 fmol of RFC, 100 fmol of PCNA trimers, and 200 fmol of Pol δ. Okazaki fragment maturation assays also contained 200 fmol each of FEN1 and Lig1. The template plasmid was preincubated with RPA, PCNA, and RFC for 1 min at 30°C for RPA coating and PCNA loading. The other enzymes were then added in a mix, and the reactions were incubated at 30°C for the indicated times. Products were analyzed by electrophoresis on a 1% agarose gel in the presence of 0.5 μg/mL ethidium bromide. The gels were dried, exposed to a storage phosphor screen (GE Healthcare), and analyzed on a PhosphorImager (Fuji Film). Pol δ processivity assays were performed as previously described (26) with slight modifications. Details can be found in SI Materials and Methods.
FEN1 Flap Cleavage Assays. Oligonucleotide-based FEN1 assays were performed as previously described (13, 14) with slight modifications. Details can be found in SI Materials and Methods.
Nick Translation Assays. Assays were performed essentially as previously described (7, 9, 10) . Details can be found in SI Materials and Methods. 
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Dovrat et al. 10 .1073/pnas.1321349111 SI Materials and Methods Stability Assays. Purification of heterotrimers was performed as described in Materials and Methods, except that maltose binding protein (MBP)-tag cleavage by tobacco etch virus (TEV) protease was not performed. Samples of both heterotrimeric species were either flash frozen in liquid nitrogen and stored at −80°C immediately after purification or incubated at various temperatures for various lengths of time (Results). Following incubation at different conditions, samples were examined by analytical gel filtration on a Superdex 200 10/300 GL column to determine the extent of heterotrimer reassembly.
Purification of PCNA Homotrimers and Other Proteins Required for Activity Assays. Wild-type (WT) proliferating cell nuclear antigen (PCNA), pcna-79, pcna-90, and pcna-7990 homotrimers were purified similarly to the heterotrimers, but with a single affinity chromatography step. Homotrimeric wild-type PCNA was overexpressed from a pETDuet-1 vector that contained only His-tagged wild-type PCNA in the first cloning site, and purified over a nickel-nitrilotriacetic acid (Ni-NTA) column followed by gel filtration on a Superdex 200 16/60 column. Homotrimeric pcna-79, pcna-90, and pcna-7990 were overexpressed from pETDuet-1 vectors that contained only MBPtagged mutant PCNA in the second cloning site and purified over an amylose column followed by gel filtration on a Superdex 200 16/60 column. Fractions were pooled and concentrated, TEV protease was added and incubated as described in Materials and Methods, and a second gel filtration step was performed to isolate pcna-79, pcna-90, or pcna-7990 trimers with no MBP tags. Saccharomyces cerevisiae DNA polymerase δ (Pol δ), flap endonuclease 1 (FEN1), DNA ligase I (Lig1), replication factor C (RFC) and replication protein A (RPA) were purified as described previously (1-4).
RFC ATPase Assays. A primer-template construct was created for PCNA loading, by annealing oligo C13 (GGTAACGCCAGG-GTTTTCCCAGTC) to oligo O1 (GCATCGCTCACTGGCCGT-CGTTTTACAACGTCGTTTTTTTTTTTTTTTTTTTTTTTTTT-TTTTTGACTGGGAAAACCCTGGCGTTACCTTTTTTTTTT). The ends of the oligo were not blocked to allow PCNA to fall off and be reloaded. Standard 30-μL assays contained 20 mM Tris·HCl pH = 7.8, 1 mM DTT, 100 μg/mL BSA, 8.3 mM MgAc 2 , 20 μM ATP, 33 nM [γ-32 P]ATP (New England Nuclear) (3,000 Ci/mmol), 75 mM NaCl, 400 fmol of primer-template construct, 200 fmol of RFC, and 1.6 pmol of PCNA trimers.
Assays were incubated at 30°C for the indicated times. The 7-μL aliquots were removed and placed in precooled 43 μL stop solution: 1 M perchloric acid, 1 mM sodium phosphate. A total of 10 μL was removed to quantify total activity. To the remaining 40 μL, 95 μL of precooled 20 mM ammonium molybdate was immediately added and the tube kept on ice. A total of 140 μL water-saturated isopropyl acetate was added, the tube was mixed vigorously, and then centrifuged for 1 min at 1,000 × g at 4°C. A total of 20 μL was removed from the organic phase to quantify hydrolyzed γ-phosphate. Quantification was performed by spotting samples on filter paper, exposing to storage phosphor overnight, and analyzing on a phosphoimager.
Cross-Linking Assays. For cross-linking, PCNA trimers were purified to homogeneity in amine-free buffer. A total of 15 μL of PCNA at 5 μM was incubated on ice for 2 h with 0.5 μL of disuccinimidyl suberate (DSS) at 1.56 mM (PCNA:DSS ratio of 1:10). Crosslinking was stopped by the addition of 1 μL of 1 M Tris pH = 7.5. Products were separated on SDS/PAGE.
For cross-linking after loading by RFC, standard assays were similar to ATPase assays detailed above, except for the following reagents: 0.8 mM ATP, 15 pmol of primer-template construct, 7.5 pmol of RFC, and 75 pmol of PCNA. Loading was stopped by adding 1 μL of 0.5 M EDTA to 9-μL aliquots. DSS was added at 1:10 ratio as above.
FEN1 Flap Cleavage Assays. Oligo C115 (TTTTTTTTTTTTTTTAC-GACGTTGTAAAACGACGGCCAGTGAGCG) was radioactively labeled at the 5′ end using T4 Polynucleotide Kinase (Fermentas) in the presence of [γ-32 P]ATP (NEN), and purified on a Micro BioSpin 30 gel filtration column (Bio-Rad). The labeled oligo, along with oligo C13, were annealed to template oligo (ACGCGCGC-TCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAA-CCCTGGCGTTACCCAACT), which is biotinylated at both 5′ and 3′ ends. Streptavidin was added in excess to block the ends of the substrate, so that PCNA will not slide off after being loaded by RFC (1). Standard 40-μL assays contained 20 mM Tris·HCl pH = 7.8, 1 mM DTT, 100 μg/mL BSA, 8.3 mM MgAc 2 , 0.5 mM ATP, 150 mM NaCl, 100 fmol of oligonucleotide substrate, 200 fmol of RFC, 400 fmol of PCNA trimers, and 200 fmol of FEN1. The substrate was preincubated with PCNA and RFC for 2 min at 15°C for PCNA loading. FEN1 was added, and the reactions were incubated at 15°C for the indicated times. Aliquots were quenched at each time point by mixing with formamide loading buffer [95% (vol/vol) formamide, 20 mM EDTA, 0.05% xylene cyanol, 0.05% bromophenol blue] at a 1:1 volume ratio. Samples were heated to 95°C for 5 min before gel electrophoresis. Products were analyzed by electrophoresis on a 7 M urea, 14% (vol/vol) polyacrylamide gel. The gels were dried, exposed to a storage phosphor screen (GE Healthcare), and subjected to PhosphoImager (FujiFilm) analysis. Results were quantified using ImageJ software (National Institutes of Health).
For FEN1 assays with double-flap substrate, conditions were similar except oligo C13T was used instead of C13. This oligo has an additional T nucleotide at its 3′ end, creating a substrate with a 15-nt 5′ flap and a 1-nt 3′ flap.
Nick Translation Assays. Oligonucleotide C13 was radioactively labeled at the 5′ end using T4 Polynucleotide Kinase (Fermentas) in the presence of [γ-32 P]ATP (NEN), and purified on a Micro Bio-Spin 30 gel filtration column (Bio-Rad). The labeled oligo, along with blocking oligo SKrc14, were annealed to template oligo O1, which is biotinylated at both 5′ and 3′ ends. Streptavidin was added in excess to block the ends of the substrate, so that PCNA will not slide off after being loaded by RFC. Standard 30-μL assays contained 20 mM Tris·HCl pH = 7.8, 1 mM DTT, 100 μg/mL BSA, 100 mM NaCl, 8.3 mM MgAc 2 , 0.5 mM ATP, 0.1 mM of each dNTP, 100 fmol of oligonucleotide substrate, 100 fmol of RFC, 200 fmol of PCNA trimers, 200 fmol of Pol δ, and with or without 200 fmol of FEN1. The substrate was preincubated with PCNA and RFC for 1 min at 30°C for PCNA loading. Reactions were started by adding Pol δ with or without FEN1 in a mix, and incubated at 30°C for the indicated times. Aliquots were quenched at each time point by mixing with formamide loading buffer as described for FEN1 assays. Samples were heated to 95°C for 5 min before gel electrophoresis. Products were analyzed by electrophoresis on a 7 M urea, 12% (wt/vol) polyacrylamide gel. The gel was dried, exposed to a storage phosphor screen, and analyzed as described for FEN1 assays.
Processivity Assays. Oligonucleotide C13 was radioactively labeled at the 5′ end as described above and annealed to single-stranded Bluescript SKII(+) DNA. The 30-μL assays contained 20 mM Tris·HCl pH = 7.8, 1 mM DTT, 100 μg/mL BSA, 8.3 mM MgAc 2 , 1 mM ATP, 0.1 mM of each dNTP, 100 mM NaCl, 200 fmol of template plasmid, 40 pmol of RPA, 200 fmol of RFC, 400 fmol of PCNA trimers, and 5 fmol of Pol δ (polymerase to PCNA-loaded primer-template ratio of 1:40, to achieve singlehit criteria). The template plasmid was preincubated with RPA, PCNA, and RFC for 1 min at 30°C for RPA coating and PCNA loading. Pol δ was then added, and the reactions were incubated at 30°C for the indicated times. Products were analyzed by electrophoresis on a 2% (wt/vol) denaturing alkaline agarose gel, in the presence of 0.5 μg/mL ethidium bromide. A 100-bp ladder was also run on the gel, and photographed under UV illumination. The gel was dried, exposed to a storage phosphor screen and analyzed on a PhosphorImager. Finally, the UV picture and the autoradiograph were overlaid to position the ladder onto the autoradiograph and assess the sizes of the radioactive products. 30°C (B) , the samples were analyzed by gel filtration on a Superdex 200 column. As the initially homogenous population of heterotrimers with two MBP tags undergoes reassembly and gains increasing amounts of trimers with zero, one, or three MBP tags, the chromatogram gains additional peaks on both sides of the central peak and broadens. The maximal peak height has been normalized in all chromatograms, so that peak width represents trimer reassembly. Note that such peak broadening represents only minor reassemblysignificant reassembly would lead to the appearance of new peaks at significant distance from the central peak. (C) Cross-linking of PCNA heterotrimers after loading by RFC. WT 1 :7990 2 heterotrimer was purified as described but the MBP tags were not cleaved. We separately verified that the presence of MBP tags does not interfere with loading by RFC using an RFC ATPase assay. The heterotrimer was incubated with RFC, an appropriate DNA construct, and ATP, in conditions similar to RFC ATPase assays described above (Fig. S2) . The loading reaction was allowed to proceed for the indicated times before it was stopped and disuccinimidyl suberate (DSS) was added. Changes in the pattern of cross-linking products over time may indicate reassembly of the heterotrimer, but no significant change is visible. M, size marker. (D) Functional examination of PCNA stability using Pol δ assay. Assay was performed as described in Fig. 3A , but mixtures of WT and pcna-7990 homotrimers were used in different ratios as indicated. Products were analyzed by agarose gel electrophoresis and autoradiography. The arrow denotes the fully replicated, 2.9-kb plasmid. Combinatorially, 3.7% is the maximum expected amount of WT homotrimers in case of full reassembly of the WT 1 :7990 2 trimer. Fig. 3A . Products were analyzed by agarose gel electrophoresis and autoradiography; the arrow denotes the fully replicated 2.9-kb product, which was quantified and averaged with three additional independent assays to produce Fig. 3B. (B) Stimulation of Okazaki fragment maturation by WT PCNA, pcna-7990, and WT:7990 heterotrimers. The assay is described in Fig. 5A . Products were analyzed by agarose gel electrophoresis and autoradiography; the arrows denote the fully replicated nicked plasmid and the covalently closed plasmid. The latter product was quantified and averaged with two additional independent assays to produce Fig. 5B . The assay is identical to that described in Fig. 3A . Products were analyzed by agarose gel electrophoresis and autoradiography; the arrow denotes the fully replicated 2.9-kb product. (B) Effects of different PCNA mutants on FEN1 activity. Assays were performed as described in Fig. 3C . Flap cleavage activity was examined in the absence of PCNA or in the presence of 10 different trimer species, including all combinations of WT PCNA with pcna-79, pcna-90, or pcna-7990. Reactions were analyzed by urea-PAGE and autoradiography and the percentage of substrate cleaved by FEN1 was quantified. (C) FEN1 assay was performed as described in Fig. 3C , but with 150 mM KCl instead of NaCl. (D) FEN1 assay was performed as described in Fig. 3C , but with a double-flap substrate instead of a single, 5′ flap substrate. This substrate is identical to that used in all other FEN1 assays, except for a single unhybridized nucleotide at the 3′ end of the upstream oligo (SI Materials and Methods). 
